Introduction
Energy is one of the most urgent problems that human society has had to face since we entered the 21st century. The shortage of fossil fuels and the increasing price of petroleum require the usage of clean renewable energy at a much higher level than that presently in force. Moreover, not only does the burning of fossil fuels cause environmental problems, such as pollution and global warming, but the dependence on foreign oil also creates national vulnerabilities and endangers social stability. 1 Although the safety and radioactivity of nuclear power has triggered mounting fears worldwide recently, nuclear is a clean and efficient energy source, along with the renewables, solar, wind, wave energy, etc. However, such renewable energy sources require storage systems, and the most versatile way to store energy is as chemical energy.
The lithium ion battery, as one of the most promising chemical energy storage devices, serves as the energy source for many electronic devices and has gained great success as a portable power source in the past two decades. It is also going to be used in electric vehicles (EV) and hybrid electric vehicles (HEV), which will help to alleviate environmental pollution. [2] [3] [4] As one of the cathode candidates for lithium ion batteries, the layer/quasi-layer structured vanadium oxides have been investigated for a long time as a host for Li + intercalation. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Among all the vanadium oxides phases, the amorphous, hydrated form of vanadium pentoxide (V 2 O 5 ?nH 2 O) has a higher intercalation capacity than the crystalline form. The insertion of 2Li/V 2 O 5 corresponds to a stoichiometric energy density of 730 Wh kg 21 . 19 It was reported that V 2 19 Therefore, carbon has been introduced as a composite component to enhance the electrochemical performance, [24] [25] [26] [27] [28] i.e., the carbon increases electrical conductivity and prevents the vanadium dissolution, while the nanostructure shortens the Li + diffusion length.
Recently, graphene has attracted a great deal of research attention in a wide range of applications. It was also widely investigated as an anode for lithium batteries or as an important component in composites for electrode materials. [29] [30] [31] [32] [33] Graphene oxide was prepared using a modified Hummers' method as described elsewhere. 35 The powders were dispersed in de-ionised water to form a 1 mg mL 21 solution by probe sonication. A weighted amount of NaBH 4 (9.46 g) was added to 500 mL of the graphene oxide solution and was left to stir at room temperature for 24 h. The color of the solution changed from dark brown to black. The reduced solution was then centrifuged and washed several times with de-ionised water, and re-dispersed in 500 mL de-ionised water to form a 0.77 mg mL 21 reduced graphene suspension. The graphene-V 2 O 5 ?nH 2 O composites were prepared by mixing the hydrothermally treated V 2 O 5 ?nH 2 O solution and the graphene suspension in the desired ratio by a short stirring and filtration using an anodic aluminum oxide membrane with 0.2 mm pore size (Whatman). The samples were then dried at different temperatures.
Material characterization
The structure and morphology of the as-prepared samples were characterized by X-ray diffraction (XRD; MMA GBC, Cu Ka radiation), field emission scanning electron microscopy (FESEM; JEOL-7500, 2 keV), transmission electron microscopy (TEM; JEOL-2010, 200 keV), thermogravimetric analysis (TGA;TA 2000 Thermoanalyzer), and Raman spectroscopy (Jobin Yvon HR800).
The electrochemical tests were carried out via CR2032 coin type cells. The working electrodes were prepared by mixing the as-prepared graphene-V 2 O 5 composites, carbon black (Super P, MMM, Belgium), and poly(vinyl difluoride) (PVDF) at a weight ratio of 8 : 1 : 1 except for the bare V 2 O 5 ?nH 2 O sample where there was a ratio of 7 : 2 : 1. The resultant slurry was pasted on Al foil and dried in a vacuum oven at 80 uC for 8 h. Coin cells were assembled in an argon-filled glove box (Mbraun, Unilab, Germany) by stacking a porous polypropylene separator containing liquid electrolyte between the composite electrode and a lithium foil counter electrode. The electrolyte consisted of a solution of 1 M LiPF 6 in ethylene carbonate (EC)/dimethyl carbonate (DMC) (1 : 1, by volume). Cyclic voltammograms were collected on a VMP-3 electrochemical workstation at a scan rate of 0.1 mV s 21 . The discharge and charge measurements were conducted on a Land CT2001A battery tester.
Results and discussion
Three composites with nominal graphene weights of 10% (composite 1), 20% (composite 2), and 30% (composite 3) were prepared. The samples were dried at 50 uC under vacuum and the X-ray diffraction patterns are displayed in Fig. 1 O composites, the profiles only exhibit gradual weight loss before 350 or 400 uC, followed by a steep loss up to 500 or 550 uC, which is due to the graphene burn-off in the composites.
For lithium ion battery tests, the samples may suffer poor electrochemical performance due to the crystal water in V 2 O 5 ?nH 2 O, and therefore higher temperature heat treatments were applied to further remove the crystal water according to the TGA profiles. All the samples were dried at 200 uC under ambient atmosphere for 20 h. The XRD patterns of the samples dried at 200 uC are shown in Fig. 3 00l reflections, except for composite 3, which shows a broad peak between 20u to 30u, corresponding to graphene (which may be due to the higher amount of graphene in composite 3 compared to the other two composites). The absence of the orthorhombic V 2 O 5 peaks suggests that phase transformation does not occur at this temperature in composite samples, revealing the enhancement of thermal stability for layer structured V 2 O 5 ?nH 2 O when it is affixed to graphene sheets.
Compared to the XRD patterns of samples dried at 50 uC, the peak positions of the composites obviously shift to higher angles with an increasing graphene ratio. The structure of V 2 O 5 ?nH 2 O xerogel was investigated via the atomic pair distribution function technique, 38 proving that it is a stack of slabs which are bilayers of single V 2 O 5 layers. These consist of square pyramidal VO 2 units and water molecules are located in the space between the slabs, so the interlayer spacing is relevant to the amount of crystal water. The interlayer spacing, d, of the samples was calculated from the angle of the (001) reflection peak in the XRD patterns and listed in Table 1 . The smallest interlayer spacing for composite 3 reveals the least amount of crystal water, and the much broadened peaks indicate much smaller crystallinity from the Scherrer equation calculation. Note that the XRD pattern for the composite 2, when dried at 300 uC for 2 h, shows almost the same pattern as when dried at 200 uC, except that the peak intensities increase, which means that the crystals are larger (ESI Fig. S1{ ). FESEM images of the as-prepared graphene, the V 2 O 5 ?nH 2 O xerogel, and the three composites dried at 50 uC are shown in Fig. 4 . The as-prepared graphene sheets form a flower-like morphology and are crumpled to a curly and wavy shape. The V 2 O 5 ?nH 2 O xerogel sample shows a smooth surface when filtered to form a paper-like film, while the three composites also show similar morphology to the graphene sheets. The high resolution image of composite 1 in Fig. 4(d) Fig. 5(a) and (b) . The lower magnification image indicates that the V 2 O 5 ?nH 2 O sample exhibits graphene-like thin layer ribbon morphology, with a width of about 100 nm. In the high resolution image, poorly developed fringes can be observed in some areas, indicating that the structural state varies between good crystallinity and completely amorphous. The TEM images together with the XRD patterns explain well the long-range ordered and local structurally disordered nature of V 2 O 5 ?nH 2 O. An image of composite 2 dried at 50 uC is shown in Fig. 5(c) . It can be clearly seen that the V 2 O 5 ?nH 2 O ribbons are located on the surface of the graphene sheets. The energy dispersive X-ray spectroscopy (EDS) spectrum confirms the presence of carbon and vanadium. The Raman spectra for the carbon D and G bands of the pure graphene, composite 2 treated at 50 uC, and the three composites heat-treated at 200 uC are shown in Fig. 6 39 which could prevent reversible extraction and block the intercalation pathway. The redox peaks of composite 2 are located at about 3.76, 2.79, and 2.41 V for the cathodic process and at about 2.8, 3.17, and 2.82 V for the anodic process. The voltage difference between the redox peaks of composite 2 increases with cycling, indicating that the polarization increases with cycling. Meanwhile, the peak intensity decreases with cycling. As for composite 3, the cathodic peaks at about 3.72, 2.72, and 2.38 V and the anodic peaks at about 2.82, 3.2, and 3.85 V are slightly different from those of composite 2, and the reversibility is much better. The lower potential difference between anodic and cathodic peaks and the higher cyclability is due to the higher amount of graphene in the composite, which significantly improves the conductivity of the electrodes. Noticeably, the peak intensity increases for the first 5 cycles, revealing that there is an activation process for lithium intercalation/de-intercalation.
In order to fully understand the electrochemical behavior of the graphene-V 2 O 5 ?nH 2 O composite cathodes, the electrodes were charged/discharged in different voltage windows. Typical galvanostatic charge-discharge curves of the composite electrodes in different voltage ranges are displayed in Fig. 8(a) . The voltage decreases gradually with capacity, and there is a slope located at around 2.5 V in the discharge process, corresponding to the peak at about 2.41 V in Fig. 7(c) . This discharge profile is different from the galvanostatic charge-discharge curves of strongly crystalline V 2 O 5, in which moderate flat plateaus are always exhibited. Comparing the galvanostatic curves for the 1st cycle ( Fig. 8(a) ) and the 10th cycle (ESI Fig. S3{ ), no irreversible phase change can be observed when cycling down to 1.5 V vs. voltage ranges. In the wide voltage range of 1.5-4 V, the discharge capacity drops significantly for the first 20 cycles and then remains stable, with a capacity of about 180 mAh g 21 up to 50 cycles. When cycled between 2-4 V, the discharge capacity shows a moderate decrease, with a capacity of 156 mAh g 21 for the 50th cycle. On further narrowing of the voltage range to 2.5-4 V, the composite cathode shows the best capacity retention, with a capacity of 122 mAh g 21 for the 50th cycle, which is 86% of the capacity of the first cycle. Fig. 8 4 -propylene electrolyte, but the residual water might still limit the rechargeability. 19 LiPF 6 has poorer hydrolytic stability compared to LiClO 4 , so the normal commercial electrolyte with LiPF 6 as solute might also be one of the reasons for the poor cyclability when the crystal water level is high. The V 2 O 5 ?nH 2 O in composites could keep the layered structure with a smaller amount of crystal water, thus reducing the side effects. The thermal stability was also enhanced, which was attributed to the presence of graphene. (2) Conductivity. The presence of graphene sheets could enhance the conductivity, intercalate into or are extracted from the xerogel, this distance expands or contracts correspondingly, 6 so the active material suffers mechanical strain after intercalation of guest ions. In the composites, thin layers of V 2 O 5 ?nH 2 O were affixed to the graphene sheets, and the graphene sheets could effectively buffer the strain from the volume changes during guest ion intercalation/de-intercalation.
Conclusions
In summary, graphene-V 2 O 5 ?nH 2 O composites with different amounts of graphene were prepared by mixing and filtration of hydrothermally treated V 2 O 5 ?nH 2 O xerogel and graphene. The graphene content in the composites played an important role in structure, morphology, and electrochemical performance. The composite with 39.6% graphene exhibited outstanding performance for lithium ion batteries, providing a high discharge capacity and stable cycling stability up to 50 cycles. Moreover, the easy formation of thin film or paper makes the composites described in this paper attractive for potential application in miniature cells or flexible devices.
